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The Rumoi-Nanbu earthquake (M 6.1) occurred in northern Hokkaido, Japan, on December 14, 2004. We
conducted MT surveys along three proﬁles in and around the focal area to delineate and decipher the structural
features of the seismogenic zone. The inverted 2-D resistivity images of the three sections comprised two layers:
an upper conductive layer and a lower resistive layer. The boundary of these layers lay at a depth of approximately
3–5 km. A comparison with the surface geology and drilling data revealed that the upper conductive layer and
the lower resistive layer corresponded to the Cretaceous–Tertiary sedimentary rocks and older basement rocks,
respectively. A clear upheaval of the layer boundary was found along the proﬁle at the center of the focal area. In
addition, borehole data indicated an obvious increase in the Young’s modulus toward the lower layer. Therefore,
the elastic properties with a complex geometry around the focal zone tended to vary; this probably depicts the
zone of stress accumulation that triggered the earthquake.
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1. Introduction
Strain accumulation zones with a large convergence
of 20 mm/year, such as the Niigata-Kobe Tectonic Zone
(NKTZ) (Sagiya et al., 2000), have been reported by the
Japanese nationwide GPS array (GEONET). The localized
strain concentrations possibly resulted from heterogeneities
in the crust under the tectonic stress (Iio et al., 2002, 2004).
A number of quaternary active faults have been reported,
and large earthquakes have been occurring (e.g., 2004 Mid-
Niigata prefecture earthquake (M 6.8)) around the strain
concentration zones. Therefore, a delineation of the struc-
tural heterogeneities underneath the strain concentration
zone plays an important role in understanding the occur-
rence of intraplate earthquakes. The Rumoi-Nanbu earth-
quake (M 6.1) occurred in northern Hokkaido, Japan, on
December 14, 2004. The focal mechanism of this earth-
quake was a reverse fault type. The strike direction was
almost north to south (N-S). The focal area was under the
east to west (E-W) compression at the easternmargin of the
Japan Sea (Takahashi et al., 1999). The Geographical Sur-
vey Institute (1997) also revealed a clear east-west contract-
ing strain concentration around the focal area. The corre-
spondence between the focalmechanism and the strain con-
centration resembled the earthquakes in the NKTZ. There-
fore, the imaging of the crustal structure can provide funda-
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mental information on the earthquake mechanism and pro-
cesses.
The electrical resistivity in the crust is mainly controlled
by the existence of pore ﬂuid and its connectivity (e.g.,
Archie, 1942; Unsworth et al., 1997). Thus, low resistivity
zones at subsolidus temperatures are often interpreted as
porous zones with ﬂuid. For example, the observed low
resistivity images along the faults could be explained as
the existence of an abundant quantity of ﬂuid in cracks or
fault breccias (e.g., Unsworth et al., 1997; Hoffmann-Rothe
et al., 2004). Recent magnetotelluric (MT) investigations
have also revealed low resistivity zones distributed in the
mid to lower crust beneath the intraplate earthquake zones
(e.g., Mitsuhata et al., 2001; Ogawa et al., 2001; Ogawa
and Honkura, 2004; Wannamaker et al., 2004; Uyeshima
et al., 2005; Yoshimura et al., 2008). Those low resistivity
zones are interpreted as ﬂuid reservoirs fromwhich the ﬂuid
is supplied, triggering the intraplate earthquake in the upper
layer (e.g., Iio et al., 2002). However, a resistivity image
does not only reﬂect the porosity or the presence of the ﬂuid
but also provides information regarding in situ temperature
or lithology. Thus, the resistivity boundaries often represent
geological boundaries (e.g., Park and Wernicke, 2003).
In this study, we conducted wide-band MT surveys and
analyzed the electrical resistivity images of the focal area.
To delineate the structural variation along a geological
trend, we imaged a two-dimensional (2-D) resistivity sec-
tion along three proﬁles in the E-W direction. The resis-
tivity structure was carefully interpreted by integrating the
geophysical and geological structures and petro-physical
properties from well-log data with the aim of determining
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Fig. 1. (a) Tectonic framework around Hokkaido and survey area (red rectangle). “BH” denotes the location of the borehole drilled by the Japan National
Oil Corporation (1986). (b) Locations of MT sites are indicated with blue inverted triangles. Red star and circles denote relocated mainshock and
aftershocks, respectively (Ichiyanagi et al., 2007). A purple line indicates an anticline axis revealed by Tsushima et al. (1956) and our investigation.
the probable relationship between subsurface structure and
the occurrence of earthquakes.
2. MT Survey and Data Processing
We conducted MT surveys along three proﬁles (Fig. 1)
in June and August 2006. Lines A and B were set across
the aftershock area, while line C was set outside it. Line
B passes over the epicenter of the mainshock. The time
series of MT data were recorded using MTU-2000 system
(Phoenix Geophysics Ltd.). Magnetic ﬁelds were measured
with three orthogonal induction coils. Electric ﬁelds were
measured with orthogonal dipoles attached to Pb-PbCl2
electrodes on both sides. The recorded time series data were
converted into a frequency-domain impedance tensor using
the cascade decimation technique developed by Wight and
Bostick (1980). The converted frequency ranged between
320 and 0.00034 Hz. We applied a remote reference tech-
nique (Gamble et al., 1979) to avoid bias due to the exis-
tence of local magnetic noise. The referenced data was the
horizontalmagnetic ﬁeld data of the Esashi station, approx-
imately 500 km from the Rumoi area, operated by the Geo-
graphical Survey Institute. Consequently, high-quality data
were obtained, except that for the frequency range between
1 and 0.1 Hz (dead band) at a few sites along line A.
3. Two-dimensional Resistivity Structure
3.1 Estimation of 2-D strike direction
We applied site- and frequency-dependent Groom-Bailey
(referred to as G-B hereafter) decomposition (Groom and
Bailey, 1989) to evaluate strike azimuths. In a frequency
range of 320 to 0.01 Hz, dominant strike azimuths are N-S
(or E-W) at line B and C (Fig. 2). In contrast, the dominant
azimuth is N25◦W-S25◦E (or N65◦E-S65◦W) along line A.
For the lower frequency band (0.01–0.00034 Hz), dominant
strikes were determined at N45◦W-S45◦E or N45◦E-S45◦W
along all the lines. Induction vectors in the frequency range
between 1 and 0.01 Hz were dominantly oriented westward
(Fig. 2), corresponding to the direction of the sea. How-









Fig. 2. Strike estimates from Groom-Bailey decompositions wherein dis-
tortion parameters are set as site- and frequency-dependent. Averaged
induction vectors are denoted by red solid arrows. Thick dashed lines
denote strike directions adopted in the 2-D analysis.
than that at site B2, although site B2 was located nearer to
the sea than site B3. The difference in the lengths in the
frequency range of 2 to 0.00034 Hz exceeded 0.1; this in-
dicated that the induction vectors were affected not only by
an ocean effect but also by structures beneath the inland
region. On the other hand, the dominant direction of the
induction vector in the lower frequency band (<0.01 Hz)
was N70◦W. The induction vector exhibited no dominant
direction and had a small length (approximately <0.05) in
the frequency range of 320 to 1 Hz. A phase tensor anal-
ysis (Caldwell et al., 2004) did not indicate evidence for
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strong three-dimensionality in the higher frequency band
(320–0.01 Hz); it did exhibit a weak variation of max az-
imuth and a small skew angle (β < 3◦) in all the survey
lines (not shown in ﬁgure). However, data in the lower
frequency band (0.01–0.00034 Hz) clearly revealed a strike
oriented in the N50◦W-S50◦E direction and a high skew an-
gle (3◦ < β < 25◦) in most of the MT sites; this implied
a strong three-dimensionality. Because the strike directions
estimated from the G-B decomposition and induction vec-
tors were not ﬁxed and rotated with frequency variation in
the lower frequency band (0.01–0.00034 Hz), the data in the
lower frequency band obviously included a 3-D effect. The
high skew angle observed in the phase tensor analysis also
suggested a structural three-dimensionality in the lower fre-
quency band. Therefore, we excluded the lower frequency
band (<0.01 Hz) for 2-D inversion. The result of G-B de-
composition shows the N-S or E-W strike azimuth for lines
B and C. The induction vectors indicate the N-S strike az-
imuth in their possibilities. Thus, we assumed an N-S di-
rection for the 2-D strikes along lines B and C. The N-S
strikes were consistent with the coastline, regional geolog-
ical boundaries, and strikes of the outcropped sedimentary
rocks (Tsushima et al., 1956, 1958). The focal plane axis of
the 2004 earthquake also extended along the same direction
(Ichiyanagi et al., 2007). However, the phase tensor analy-
ses does not show speciﬁcmax azimuth, possibly indicating
that horizontal resistivity variation is not signiﬁcant. The
strike direction for line A was set to N20◦E-S20◦W, subject
to the result of the G-B decomposition. This direction was
inconsistent with that of the induction vector and differed
from that of the estimated strikes of the other lines, imply-
ing that a three-dimensionality in the structure was strong
around line A as compared to the other proﬁles.
3.2 Two-dimensional inversion and the result
The projections of apparent resistivity and phase in trans-
verse electric (TE) and transverse magnetic (TM) modes
were inverted by using a 2-D inversion code developed by
Ogawa and Uchida (1996) wherein the static shift of both
modes is estimated as a parameter. The impedances used
for the inversion were not rectiﬁed via the Groom-Bailey
decomposition because the variation in the twists and shears
with frequency for each site was insigniﬁcant (<10◦). The
inversion started with a 10 Ohm-m homogeneous half-space
model with a ﬁxed resistivity of the seawater (0.3 Ohm-m)
during iterations. An error ﬂoor of 10% in apparent resis-
tivity and an equivalent in phase are applied in each inver-
sion. The observed impedances were mostly explained on
an inverted model (Fig. 3). The root mean square (RMS)
errors for lines A, B, and C in the initial models (7.43,
6.94, and 5.04, respectively) were reduced to 1.49, 1.05,
and 0.79, respectively, via the inversion procedure. The
ﬁnal inverted resistivity models are shown in Fig. 4. All
models are typically composed of two layers: a shallower
conductive (0.3–10 Ohm-m) layer extending from the sur-
face down to a depth of approximately 4 km and an under-
lying resistive (10–300 Ohm-m) layer. A signiﬁcant feature
of our model along line B is the heterogeneity above the
mainshock. The resistivity beneath site B4 at a depth of
3 km was 20 Ohm-m, while the resistivity of the surround-
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Fig. 3. Pseudo-sections of observed data and calculated response in the
ﬁnal model for TM and TE mode data. Apparent resistivity and phase
are labeled with RHO and PHS, respectively.
ing an upheaval area of the lower resistive layer above the
southern region of the earthquake. The location of the anti-
cline observed in surface geology (Figs. 1, 4) corresponded
to this structure. On the other hand, no such structure was
observed along line A, line C, or the along-strike extension
of the anticline along line B. A detailed discussion on this
feature has been provided in the preceding sections. The
resistivity below 6 km in all sections was 30–300 Ohm-m,
which appeared to be homogeneous. Heterogeneities in the
lower resistive layer, however, were hardly detected by the
MT data due to the existence of the thick upper conductive
layer.
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Fig. 4. Inverted resistivity models for lines A, B, and C for TE and TM
mode impedance. Blue dots denote aftershocks (Ichiyanagi et al., 2007)
along 2.0 km wide proﬁle. Geological dips (Tsushima et al., 1956,
1958; this investigation) projected to proﬁles are shown above proﬁles.
4. Discussion
4.1 Effect of sea water
Although the presence of seawater near but still outside
of the proﬁles may affect the MT data, the inverted mod-
els are still reliable. One reason for this is that the model
is validated by the inversion test with a hypothetical model
described in Ogawa (2002) and Takakura (2004). The hy-
pothetical model includes a near surface conductor outside
of the proﬁle. The inversion test with TE + TM mode rea-
sonably recovered the hypothetical model. Another reason
is that the seawater slightly affects the MT data in our re-
search area. The resistivity contrast between the seawater
(0.3 Ohm-m) and the uppermost layer beneath our proﬁles
(0.3–10 Ohm-m) is small. In addition, the seaﬂoor is shal-
lower than 100 m within 30 km of the coastline. The in-
duction vectors also indicate an insigniﬁcant seawater effect
because of their small lengths in the high-frequency band
(>0.03 Hz). However, the induction vectors in the lower
frequency band lower than 0.03 Hz are oriented toward the
coastline.
4.2 Interpretation of resistivity structure
The deep borehole data (Japan National Oil Corporation,
1986) obtained 9 km north from MT site A2 (Fig. 1) was
used for verifying the inverted result and for interpreta-
tions. The borehole data revealed sedimentary rocks from
the Tertiary and Cretaceous (0–4675 m) and andesites from
the earlier Cretaceous–Jurassic (from 4675 m to the bottom
of this borehole (5023 m)). The logged resistivity of the
upper sedimentary rocks and lower igneous rocks were 3–
50 Ohm-m and 15–500 Ohm-m, respectively. This vertical
resistivity variation was consistent with our inverted resis-
tivity images. Therefore, the upper conductive layer and
the lower resistive layer of the inverted images correspond
to the sedimentary rocks and the basement igneous rocks,
respectively. A previous MT study by Ogawa et al. (1992)
also supports our inverted result. Ogawa et al. (1992) set-
tled an approximately 100 km length of the wide-band MT
survey line oriented E-W direction in approximately 10 km
north of line A. They modeled a conductive layer (less than
30 Ohm-m) at the near surface (0.5–3 km in depth) and
a deep conductor (30 Ohm-m, >20 km in depth). A re-
sistive zone (>100 Ohm-m) ﬁlls between the conductors.
Their result is consistent with our result at the near surface
(>5 km in depth). Thus, the resistivity feature in the present
study consisting of upper conductive layer and lower resis-
tive layer seems to be extended northward. Their model
also veriﬁes the interpretation of resistivity structure based
on the borehole data (Japan National Oil Corporation, 1986)
because the borehole is located in the proﬁle by Ogawa et
al. (1992). However, the deep conductor by Ogawa et al.
(1992) is not clariﬁed in our inverted images because lower
frequency data (<0.01 Hz) were not inverted. In order to
clarify the deep conductor, 3-Dmodeling, which enables us
to use the lower frequency data, will be done in a future
study.
4.3 Validity test for a protruded resistivity zone
In the vicinity of site B4 along line B, a protrusion in the
lower resistive layer interrupts the upper conductive layer.
The splitting of the apparent resistivity between the TM and
TE modes at site B4 (Fig. 5) indicates a structural variation
in the horizontal direction and supports the protruded resis-
tive zone. In addition, a variation in the TM phase between
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Fig. 5. Observed and calculated sounding curves for apparent resistivity
and phase of site B4 along line B. Circles indicate observed TM mode
apparent resistivity and phase. Blue solid line and red dotted line are the
responses of the inverted model and hypothetical model, respectively.
Explanation of hypothetical models is provided in text.
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Table 1. Velocity and resistivity logging data and apparent density of borehole drilled 9 km north of site A2 based on Japan National Oil Corporation
(1986). Young’s modulus calculated assuming that the Poisson ratio is 0.25.
Depth Lithology Density Vp Young’s Resistivity
(m) (kg/m3) (km/s) module (GPa) (Ohm-m)
0–2450 Miocene 2280±210 (N = 15) 3.00 17.1 3– 10
2450–3342 Paleogene 2330±140 (N = 9) 3.93 30.0 3– 30
3342–4675 Cretaceous 2480±150 (N = 13) 4.44 40.7 7– 50
0–4675 (Average of sediments) 2360±190 (N = 37) 3.49 24.0 3– 50
4675–5023 Basement rock 2750± 70 (N = 4) 4.77 52.1 15–500
line B. We conducted hypothetical tests to conﬁrm whether
the protruded resistive body is required by the observed MT
impedances. We tested the model by removing the resistive
body under site B4. Speciﬁcally, the resistivity value of the
parameter blocks at a depth of 0.2–3 km under site B4 was
set to 10 Ohm-m. The forward responses on the hypothet-
ical model at site B4 were inconsistent with the impedance
in the TM mode (Fig. 5). The calculated apparent resistiv-
ity for the hypothetical model in the lower frequency range
(<1 Hz) was less than 50% of that of the ﬁnal model and
observed data. The RMS error for the TE and TM mode of
the hypothetical model was increased to 1.22 from 1.05 in
the ﬁnal model. In addition, the splitting of the apparent re-
sistivity between the TE and TMmodes was explained with
the protruded resistive zone.
4.4 Crustal heterogeneity and stress concentration
around the focal zone
The protruded resistive zone in the lower resistive layer
corresponds to the anticline structure orthogonal to the MT
lines (Fig. 1). This is obvious from the spatial distribu-
tion of the geological dips (Tsushima et al., 1956). The
anticline axis is located just above the undulated zone, as
shown in Fig. 4. The width and amplitude of this upheaval
along line B are approximately 3 km and 5 km, respectively.
The N-S elongated high Bouguer anomaly zone around site
B4 (Honda et al., 2007) supports the existence of the anti-
cline structure. The high anomaly indicates the existence of
protruded dense basement rocks. The density of the base-
ment rock (2750±70 kg/m3, Table 1) is signiﬁcantly larger
than that of the sedimentary rocks (2360±190 kg/m3). The
length of the anticline along the axis is probably less than
11 km along the strike direction because the undulated re-
sistive zone is found neither along line A nor along line C
(Fig. 4); this implies structural variation along the strike
direction and the existence of a 3-D heterogeneity. The
Bouguer anomaly and geological structure support the ob-
servations. The elongated high gravity anomaly along the
anticline is not found along lines A and C. In addition, the
dip distribution on the surface geology (Tsushima et al.,
1956) also does not reveal a clear anticline along lines A
and C (Figs. 1 and 4). The mainshock occurred below the
anticline structure. Here, we discuss whether this hetero-
geneity can cause the initiation of an earthquake. The Japan
National Oil Corporation (1986) reported the physical prop-
erties of the core samples and borehole logging (Table 1).
On the basis of these properties, the Young’smodulus of the
sedimentary layers and basement rocks were estimated to be
24.0 GPa and 52.1 GPa, respectively; this implies a com-
plex rigidity distribution around the focal area caused by
the undulation of the boundary. In general, the heterogene-
ity of elastic properties under a regional stress ﬁeld pro-
duces a localized stress concentration (e.g., Chatterjee and
Mukhopadhyay, 2002). Thus, the heterogeneity due to the
anticline probably produces the localized stress concentra-
tion. This was a signiﬁcant cause for the generation of the
2004 Rumoi-Nanbu earthquake. In addition, the 3-D het-
erogeneity may also affect the stress concentration. Thus, a
3-D analysis will be carried out in the future study. It will
also enable us to interpret the impedance in the lower fre-
quency band (<0.01 Hz) and to obtain the resistivity struc-
ture at larger depths.
5. Conclusion
We delineated the 2-D resistivity structures in the upper
crust around the focal area of the 2004 Rumoi-Nanbu earth-
quake (M 6.1). All the inverted resistivity images consisted
of a subsurface conductive layer and an underlain resistive
body, the boundary of which was 3–5 km in depth. Based
on the borehole logging data, the subsurface conductive
layer and the underlain resistive body were conﬁrmed as
Cretaceous–Tertiary sedimentary rocks and older igneous
rocks, respectively. The elastic properties of these layers
had distinct values. The boundary between those layers
was severely undulated just above the mainshock, imply-
ing the existence of heterogeneity in the elastic properties
around the focal area that induced the strain concentration.
The mainshock could have been generated by the localized
strain concentration.
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